Abstract: Rare earth elements (REE) are important mineral resource in China, especially in Jiangxi province, Inner Mongolia. There is abundance of tailings in the REE mining area, which is harmful for the ecosystem and environment. Eucalyptus is one kind of tree which has often been used in the in ecological restoration for the tailings field of the REE mining area in Jiangxi province. Taking REE mining area of Xunwu County in the south of Jiangxi province as a study region, the comprehensive benefits of ecosystem restoration in tailings field with eucalyptus was examined this paper for evaluating the achievements and defects of ecosystem restoration. Xunwu County is not only one of the most important REE mining areas in China, but also the first county in the head streams of Dongjiang river, one of three branches in Pearl river basin. This river's inflow is the water source for the domestic and industrial needs of Hong Kong, Shenzhen, Guangzhou and other cities. After detailed surveys and evaluations of experts, 26 main indexes were determined for appraising the comprehensive impacts of vegetation restoration with eucalyptus on the ecological environment in tailings field of the REE mining area in Xunwu County. Then the model for evaluating comprehensive benefits of vegetation restoration with eucalyptus was put forward for with the analytic hierarchy process (AHP) method and fuzzy mathematics theory. Finally, according to the different assessments by several experts (two persons), local officials (four persons), scientists (three persons), farmers (eight persons) and entrepreneurs in REE industry (three persons), who were randomly selected, the comprehensive benefit of eucalyptus in tailings fields of the REE mining area was evaluated with the above model. It was generally shown in this research that during the ecosystem restoration with eucalyptus in tailings field of REE minerals, the ecological benefits and economic benefits were both general. The social benefits were good, and the comprehensive benefits were general. On the other hand, the overview assessment showed that, generally speaking, the comprehensive benefits of eucalyptus were thought as excellent, good, general, poor and bad by 17%, 28%, 30%, 21% and 4% of above surveyed in research, respectively. It was suggested in this article that the eucalyptus was useful for ecological restoration in the tailings field of REE minerals in Xunwu County, Jiangxi province. The social benefits of ecosystem restoration with eucalyptus in tailings field were good, which is higher than the ecological benefits and economic benefits. So there was something to be done to improve the ecological and economic benefits of ecological restoration with eucalyptus in the tailings field of REE minerals. The reasons behind the lacking of ecological and economic benefits in ecological restoration with eucalyptus were lacking of biodiversity, and a shortage of soil water in the tailings field of REE minerals. There should be some research and other things to deal with above problems.
Introduction
The mineral wastes residues produced from rare earth mining is defined as rare earth tailings, which occupy a large quantity of land resources and leave them with loosen texture. If these issues are not handled properly, the resultant soil erosion will severely influence our ecological environment. It is known that in the South of the Five Ridges of China, on one hand is an important place of origin for rare earth, and on the other hand is a significant water source in the Yangtze River and Pearl River Basin. In order to protect the ecological environment and prevent soil erosion and water pollution, special attention must be paid to the remediation of land covered by rare earth tailings. One typical example is the rare earth ore of Xunwu County located at the south mountains of Jiangxi Province, which has rich reserves of rare earth resources. Since 1970s, rare earth mining has contributed the local economic development. However, limited to the laggard mining techniques, a huge amount of tailings was randomly stacked near the rare earth core without proper or timely treatment. They formed an artificial "crisscross gullies, red desert" landscape [1] , which not only occupied abundant farmland, destroyed vegetation, and caused serious soil erosion, but also resulted in groundwater pollution and geological hazards. Moreover, Xunwu County sits at Dongjiang River source, which is the main water source for Guangdong City and Hong Kong residents. Large areas of accumulated rare earth tailings also incurred a potential impact on the water quality of Dongjiang River source [2] . Observing this phenomenon, Xunwu County government executed vegetation recovery to counter rare earth tailings. In the meantime, they actively cooperated with scientific research institutes, and screened out the fast rare earth zone vegetation recovery method using Eucalyptus Robusta Smith combined with mixed grass seeds through plenty of introduction practices. The vegetation coverage of the rare earth zone has been greatly improved after several years' treatment. Currently, the eucalyptus planting area accounts for more than 60% of the rare earth zone in Xunwu County. Artificial eucalyptus forest has greatly promoted the vegetation coverage of bare rare earth area, but its influence on the ecological environment has always been debatable [3, 4, 5] . Whether eucalyptuses can enhance the ecological environment of rare earth tailing affected area has not been clearly reported yet. Therefore, questions like whether the measures of using eucalyptuses to solve the rare earth tailing problem are reasonable, whether large-scale cultivation of eucalyptus artificial forest in the rare earth tailing treatment is favorable, and how the ecological and social benefits shall be evaluated scientifically, all demand a clear explanation from the local government. This paper took the rare earth tailing management area in Wenfeng Village, Xunwu County as the research object, adopted the analytic hierarchy process (AHP) model, and comprehensively evaluated the ecological, social and economic benefits of using eucalyptuses to solve the rare earth tailing problem. This research results will provide a theoretical basis for the pros and cons of the existing rehabilitation measures, and offer guidance and strategies to the management prospects of these methods. So the conclusion drawn in the paper will play a positive role in the soil and water conservation, and water source protection of Dongjiang river source, as well as the sustainable use of rare earth resources.
Material and Methods
Research area survey. The research area locates in Wenfeng Village, Xunwu County, Ganzhou City, Jiangxi Province (Fig.1) . Xunwu County sits at the junction of Jiangxi Province and Fujian Province, which is the origin of Dongjiang River in Pearl River Basin with rich rare earth resources. Wenfeng Village sits in the southeast of Xunwu County, which the middle of Xunwu River passes through as branch of the Dongjiang River of Pearl River System. It is also the main rare earth production area in Xunwu County. Since mining started in the mid-1970s, the rare earth tailings left and bare bedrocks have collaboratively formed a bare land caused by rare earth mining, which is known as the "Southern Desert" by reason of barren vegetation. The total area of the research zone is 81.66 km 2 with a soil erosion area of 58.80 km 2 , which accounts for 72% of the total area. Accumulated rare earth tailings present an irregular shape with big topographical fluctuations. The relative elevation of these tailings can reach about 150 m, and the area with slopes above 15° accounts for 66.39% of the total mining area. In addition, the studied area resides in subtropical humid climate zones with abundant rainfall. The average annual precipitation of this area over the years is 1,639.1 mm, of which approximately 50% occurs from April to June. Most of the rainfall appears as storms. Lastly, the climate of this area is mild with an average annual temperature over the years to be 17.9 ℃. There plots were selected to test change of soil and plant characteristics after the restoration project.
According to the discussion with relevant departments and field investigation, the studied area was all exposed rare earth tailings prior to the implementation of rehabilitation measures, without any vegetation and under poor natural conditions. In 2008, the Soil and Water Conservation Bureau of Xunwu County started the govern of the rare earth tailings in the research region, and cultivation of eucalyptuses and mixed grass seeds. Until 2014, a mass of artificial eucalyptus forest has been planted and the vegetation coverage percentage has gone beyond 60%. By then the initial success turned up.
Methods. Evaluation of the impact of eucalyptuses' growth on the ecological environment indicates fuzziness, so fuzzy mathematical method was deployed in this study to determine the weight of each evaluation index. However, weight coefficients were normally derived from methods designated by experts [6] , so inevitably affected by subjective factors, which biased the evaluation results. Another method called AHP can carry out quantitative analysis for non-quantitative events [7] , which ensured both a scientific qualitative representation and an accurate quantitative analysis. This method achieved index unification in qualitative and quantitative evaluations and avoided the deviation of the evaluation owing to subjective factors.
The main objective of this paper is to establish an evaluation assessment system for the restoring outcome of planting eucalyptuses in the studied area. Experts were invited to score the restoring outcome according to the indices. There will be five grades given from experts' judgement i.e. Excellent, Good, Average, Poor, and Inferior. Finally, an AHP and fuzzy mathematics combined comprehensive evaluation model was employed to evaluate the comprehensive benefit of eucalyptuses working on rare earth tailings.
Results and Analysis
Establishment of clustering factor comprehensive assessment index system. The comprehensive restoration benefit of eucalyptuses for the plantation of areas covered by rare earth tailings basically includes ecological, social and economic benefits. Each of these benefits has its own evaluation index. In order to accurately assess these benefits, authors of this paper conducted detailed investigation and paid site visits to rare earth tailings covered areas located in Wenfeng Village, Xunwu County. They also compared the current status of rare earth tailing rectification with the original objective of setting up the artificial eucalyptus forest. Finally, based on the acquired data, the paper sorted all the evaluation factors, and built a two-layer hierarchical clustering factor index system (see Table 1 ).
Determination of weights of clustering factors. Based on the established clustering factor index system for comprehensive benefit assessment, people (including 2 experts, 4 government officers, 3 scholars, 8 farmers and 3 rare earth ore owners) were invited to score the restoring outcome according to various hierarchical clustering factors, and graded the outcome from Excellent, Good, Average, Poor to Inferior. Finally, the researchers of the paper normalized all the scoring results of various evaluation indexes (see Table 1 ). Establishment of comprehensive assessment model. The comprehensive benefits (factor set U) of eucalyptuses' restoration effect on rare earth tailings are constituted by ecological benefits (factor set U 1 ), social benefits (factor set U 2 ) and economic benefits(factor set U 3 ). So the study includes two layers of factor sets.
The first layer of factor sets: U = {U 1 (Ecological benefits), U 2 (Social benefits), U 3 (Economic benefits)}； The second layer of factor sets: In order to assess each factor in U i = {U i1 , U i2 …U in } individually, fuzzy mappings was defined as follows.
The evaluation matrix is denoted by R i . (U i , V, R i ) was regarded as the primary model. The study firstly obtained the weights of first layer factor sets A i in U i through AHP method, and secondly computed the comprehensive assessment B i of the first layer by way of:
Pertaining to the single factor B i assessment of the second layer of factors U = {U 1 , U 2 … U p }, the fuzzy mappings was defined as f:U → F(V)，U i → f(U i ) = B i . The evaluation matrix of the second layer thus can be found: Taking (U, V, R) as the primary model, the weight matrix A corresponding to the factors in U can be derived through AHP. Then the comprehensive assessment matrix B was computed by:
Ultimately, the weights of both layers of indices were calculated and enumerated below. Comprehensive assessment results. In this study, the weights of all the factors were obtained from experts' scoring and AHP. After that, all the comments corresponding to various assessment factors were normalized, which provided the basis for the construction of fuzzy mappings and evaluation matrices.
The comment sets were defined as
The single factor assessment matrix was expressed as follows： The assessment results indicate that the ecological, social and economic benefits of eucalyptuses' restoration effect on rare earth tailings were judged as Average, Good and Average, respectively.
With the above comprehensive assessment results for the second layer factor sets, the paper evaluated the comprehensive benefits of eucalyptuses' restoration effect on rare earth tailings.
Based on the definition of the comprehensive assessment matrix of first layer factor sets B = A × R = A × {B 1 , B 2 , B 3 }, and the weight matrix A = (0.42, 0.32, 0.26), the value of B was obtained: 
The results revealed that the overall assessment of the restoration effect from 26 indices was Average.
Then B was normalized to be B = (0.17, 0.28, 0.30, 0.21, 0.04).
The results showed that the overall assessment trend of the restoration effect was: 17% for Excellent, 28% for Good, 30% for Average, 21% for Poor and 4% for Inferior.
Conclusions and Discussions
Conclusions. Analytic hierarchy process and fuzzy comprehensive evaluation model were utilized for comprehensive benefit calculation of eucalyptuses' restoration of rare earth tailings, from which the following conclusions can be drawn:
(1) Regarding the ecological restoration status of applying eucalyptuses to the rare earth tailings covered area, the evaluation results of the ecological, social and economic benefits were Average, Good, and Average, respectively.
(2) Currently the overall evaluation of eucalyptuses' ecological restoration effect on rare earth tailings was Average.
(3) At present the overall assessment trend of eucalyptuses' ecological restoration effect on rare earth tailings was: 17% for Excellent, 28% for Good, 30% for Average, 21% for Poor and 4% for Inferior.
Discussions. The introduction and plantation of eucalyptuses have always been controversial in forestry ecological research field. Debates on this topic mainly focused on the side effects such as, degradation of forest land capability [8] , reduction in biodiversity [9] , and simplification of community structure [10, 11] . However, China has its advantages in eucalyptuses' plantation practice. Particularly in those subtropical and tropical regions, the excellent climate provides favorable conditions for the growth of eucalyptuses. In addition, eucalyptuses were always selected for the vegetation restoration of eco-environmentally degraded or eroded areas owing to their fast-growing features, and strong tolerance to barren soil and acid. For example, in south part of Jiangxi Province affected by rare earth tailings, eucalyptuses grew well and played a pioneering role in the vegetation restoration and ecological environment improvement of that area, with a remarkable benefit.
Results of this study showed that the overall benefits of using eucalyptuses for the ecological restoration of rare earth tailing covered areas were Average, which was consistent with the results published in the literature [12] . In the introduction and plantation process of eucalyptuses in subtropical zones, eucalyptuses presented satisfying growing adaptability and promoted the local vegetation coverage percentage, which proved their social and ecological returns. But problems also turned up in the assessment of the ecological benefits. These problems mainly include the simplification of biodiversity, the high demand for fertilization, and serious water deficiency. All these problems have emerged in the current practice. Hence, the scientific ecological restoration of rare earth tailings requires reasonable arrangement for the introduction and plantation of eucalyptuses, and selection of other plant species suitable for rare earth tailing covered land to grow together with eucalyptuses, in addition to the existing restoration measures. These methods can help enrich the biodiversity, improve soil quality, and regain land capacity. Only in this way can the ecological restoration be optimized, at the same time the soil erosion be controlled, and the ecological environment of the studied area be enhanced.
